The sulfur content in basaltic melts coexisting with either sulfide or sulfate melts was determined experimentally. The experimental conditions were in the range of 1300-1355 C and 1Á0-1Á6 GPa, conditions appropriate for the melting of the upper mantle above subduction zones. Under these conditions, both sulfide and sulfate were present as immiscible liquids, as inferred from the round geometries of the quenched sulfide and sulfate phases. The measured S content in basaltic melts saturated with sulfate liquids ([S] ¼ 1Á5 AE 0Á2 wt %) was 10 times higher than the S content in basaltic melts saturated with sulfide liquids ([S] ¼ 0Á14 AE 0Á02 wt %). In our experiments, sulfate liquids were stable at f O 2 as low as DFMQ ¼ þ1Á85 [DFMQ ¼ log (f O 2 ) samplelog (f O 2 ) FMQ , where FMQ is the fayalite-magnetite-quartz oxygen buffer], and evidence from other sources indicates that sulfates will be stable at lower f O 2 in melts with lower activities of silica. Because chalcophile and highly siderophile elements, such as Cu, Ni, Au, and Pd, are partitioned preferentially into sulfide phases, melting of sufficiently oxidized sources, in which sulfides are not stable, would favor incorporation of these elements into the silicate melt produced. Such melts would have a higher potential to generate ore deposits. This study shows that the high sulfur contents of such oxidized basalts also means that relatively small amounts of such magmas can provide significant amounts of sulfur to exsolving volatile phases and account for the bulk of the sulfur expelled in some volcanic eruptions, such the 1991 eruption of Mount Pinatubo.
INTRODUCTION
Although sulfur is a minor element in the Earth (250 AE 50 ppm, the 11th most abundant element in the Silicate Earth; McDonough & Sun, 1995) , it has a disproportionate impact on the geochemical behavior of some elements because S commonly occurs as discrete sulfide phases. Thus, sulfides largely control the behavior of chalcophile (e.g. Cu, Ni) and highly siderophile elements (Ru, Rh, Pd, Re, Os, Ir, Pt, and Au), elements that are of interest because they provide valuable information about geochemical processes and because they are economically important. For these reasons, the solubility of S as sulfide and the stability of sulfide minerals in silicate melts have been widely investigated experimentally as functions of pressure, temperature, and melt composition (e.g. see Poulson & Ohmoto, 1990 , for a compilation of experimental work until 1990; Mavrogenes & O'Neill, 1999; Holzheid & Grove, 2002; O'Neill & Mavrogenes, 2002) . Consequently, these data have been used to model sulfide elimination in magmatic sources and sulfide precipitation in crystallizing melts.
Although occurrences of sulfate-bearing minerals in igneous rocks (e.g. nosean, ha€ u uyne, silvialite) were documented early in the 20th century (e.g. Lindgren & Ransome, 1906; Brauns, 1914) , the assumption that S is present only as sulfide in magmatic systems was challenged only by the discovery of anhydrite in pumices erupted by El Chich o on (Chiapas, Mexico) in 1982 . compared the anhydrite-bearing eruptions of El Chich o on in early 1982 to the eruption of carbonatite lavas from Oldoinyo Lengai in 1960 that established the existence of carbonatitic melts. They recognized the implications of igneous anhydrite occurrences and concluded that the El Chich o on eruptions 'seem destined to alter many of our concepts regarding the role of S in magmatism and the relationship between explosive volcanism and the earth's climate' (Luhr & Varekamp, 1984, p. vii) .
Subsequent experimental studies (Carroll & Rutherford, 1985 Luhr, 1990) showed that sulfates (e.g. anhydrite), not sulfides, are the stable S-bearing magmatic phases at oxygen fugacities ( f O 2 ) above those defined by the nickel-nickel oxide (bunsenite) oxygen buffer (NNO). [DFMQ is used in this paper to indicate relative oxygen fugacity, where DFMQ ¼ log ( f O 2 ) sample -log ( f O 2 ) FMQ , and FMQ refers to the fayalite-magnetite-quartz oxygen buffer; for comparison purposes DNNO % DFMQ -0Á7, although the exact relationship is a function of P and T.] Estimates of the oxidation state of island-arc basalts (IAB) show that they are typically more oxidized than basalts from other tectonic settings (Ballhaus, 1993; Parkinson & Arculus, 1999) and estimates of the speciation of S in some basaltic systems show a dominance of sulfate over sulfide (Nilsson & Peach, 1993; Metrich & Clocchiatti, 1996; Gurenko & Schminke, 1998 , 2000 Matthews et al., 1999) . Therefore, solubility data for S as sulfate are needed to provide appropriate models for the behavior of S, and of chalcophile and highly siderophile elements in these environments.
Eruption products from the 1991 eruption of Mt. Pinatubo (Philippines) showed once more that anhydrite was a stable igneous phase. This eruption released more than 17 Mt of SO 2 into the atmosphere (Gerlach et al., 1996) and demonstrated the significant short-term impact that high-S explosive volcanism can have on global climate (e.g. cooling of the order of 0Á5 C over large parts of the Earth and significant increase of the ozone depletion rates; Self et al., 1996) . At Mt. Pinatubo, intrusion of basaltic magmas into a large gas-charged dacitic body followed by explosive eruption is well documented for the 1991 eruption and for prehistoric eruptions (Newhall et al., 1996; Pallister et al., 1996) . De Hoog et al. (2003) estimated that the oxidation state of the basaltic melt involved in this eruption was similar to that of the dacitic magma (DFMQ ¼ þ2Á1) , showing that mixing between the dacitic and the basaltic magma did not result in significant changes in f O 2 as suggested in some models for the 1991 Pinatubo eruption (e.g. Hattori, 1993; Kress, 1997) .
Estimates of the stratospheric loading of H 2 SO 4 following the eruption of the Huaynaputina, Peru, in 1600 are consistent with this eruption causing the low temperatures for the summer of 1601, which were among the coldest in 1500 years in Fennoscandia (de Silva & Zielinski, 1998) . A similar temporal link has been established between the low temperatures recorded in 1816 ('the year without summer') and the eruption of Tambora (Sumbawa island, Indonesia) in April 1815. This eruption produced an estimated stratospheric loading of $200 Mt H 2 SO 4 and is considered the greatest S-producing eruption of the last 750 years (Stothers, 1984; de Silva & Zielinski, 1998; Palmer et al., 2001) . If high-S volcanic eruptions are associated with, and perhaps triggered by, oxidized basaltic melts (as in Mt. Pinatubo), modeling of these processes needs to account for S being present as sulfate in the basalts.
In this paper we present the first experimental data on the S content in basaltic melts saturated with sulfate phases, and show that partial melting of oxidized mantle sources will produce magmas enriched in sulfur and chalcophile and siderophile elements relative to those produced from sulfide-saturated sources. Such magmas may have elevated potential for forming ore deposits of these elements, and may contribute to the S budget in explosive volcanism.
EXPERIMENTAL AND ANALYTICAL METHODS Starting materials
Three sets of experiments were performed in this study:
(1) sulfide-saturated runs, produced from sulfide-bearing starting materials; (2) sulfate-saturated runs, produced from sulfate-bearing starting materials; (3) sulfidesaturated runs, produced by reduction from sulfatebearing starting materials ('sulfate-reduction runs'). Each set of experiments required the combination of different starting materials; however, bulk compositions and experimental conditions were kept as similar as possible to isolate the effect of oxidation state on the behavior of S.
Starting materials that would yield a basaltic melt coexisting with a lherzolitic residue were used to simulate conditions of partial melting under pressures and temperatures appropriate for the upper mantle. Because these experiments were also used to study the behavior of Pd, Ir, Pt, and Au, small amounts of these metals were also added. The results pertaining to the behavior of these metals will be presented elsewhere.
Glasses
Three synthetic glasses (compositions listed in Table 1) were prepared as starting material. Suitable chemical compositions were selected among various melt compositions from previous experimental work on partial melting of peridotitic mantle (e.g. Jaques & Green, 1980; Gaetani & Grove, 1998; Robinson et al., 1998) . We used chemical compositions of starting materials and run products from the experimental work of Gaetani & Grove (1998) , simplified by eliminating Mn, K, and P, which are minor or trace elements that are unlikely to affect the phase equilibria studied here. One glass (labeled B302) was prepared to match the composition of the basaltic glass produced in run B302 of Gaetani & Grove (1998) , because it coexisted with a spinel lherzolite assemblage at P-T conditions similar to those of this study. Two other glasses ('low-Ca glass' and 'low-Fe glass') were prepared to produce similar bulk compositions after specific amounts of CaSO 4 or FeSO 4 were added (calculated S-free in Table 1 ). Thus, the bulk compositions of 10Á76:1 mixtures (by weight) of 'low-Ca glass' þ CaSO 4 are similar to 9Á54:1 mixtures of 'low-Fe glass' þ FeSO 4 . Both glass-sulfate mixtures are roughly equal in bulk composition to a combination of the 70:30 basaltperidotite (by weight) mixture used as starting material by Gaetani & Grove (1998) plus 5 wt % SO 3 (Table 1) .
All glasses were prepared from high-purity oxides and carbonates, which were ground and mixed thoroughly in an agate mortar under ethanol, partially decarbonated at 350
C for 4 h, fused in a Pt crucible at 1400 C for 30 min, and quenched by dipping the crucible in water. Pieces of the quenched glasses were inspected with a petrographic microscope at 200Â for the presence of crystals. Partially crystalline glasses (containing small pieces of spinel) were ground again and fused at higher temperatures (in 25 C increments, up to 1450 C) until the quenched glasses were optically homogeneous and free of crystals, then ground and fused once more at the established melting temperatures. Random pieces of the resulting glass were mounted for electron microprobe analysis (EMPA) to test for chemical composition and homogeneity. The remaining glass was ground and stored in glass vials in a desiccator. 
Sulfur

Other phases
To promote crystallization of olivine, some runs were seeded with small amounts of finely crushed (<325 mesh), handpicked olivine crystals (KR-37, Fo 91 ; composition shown in Table 1 ) from West Kettle River, British Columbia (Fujii & Scarfe, 1982; Canil et al., 1990) . Some of the 'sulfate-reduction' experiments used small amounts of graphite powder as a reducing agent when run in Au-Pd capsules, and in a few experiments small amounts of Cr 2 O 3 powder were mixed with the other starting materials to promote nucleation and growth of spinel crystals. Numbers in parenthesis are the 1s uncertainties associated with the last significant figure. Ca-mix, mixture of low-Ca glass and CaSO 4 . Fe-mix, mixture of low-Fe glass and FeSO 4 . n, number of analyses. * Normalized S-free.
Bulk compositions
The first set of experiments (sulfide-saturated) used 5:1 mixtures (by weight) of B302 glass:FeS, with total masses ranging from 40Á50 to 63Á60 mg. The other two sets of experiments used various combinations of starting materials. Table 2 shows the type and amount of starting material added in these experiments (except precious metals) as well as the bulk composition of each run in terms of oxides.
Capsule materials
Graphite-lined platinum capsules were used for most of the sulfide-saturated experiments because the presence of graphite holds the oxidation state in this type of experiment at reducing conditions (Ulmer & Luth, 1991; Holloway et al., 1992 Massalski, 1986) . These alloys reacted slowly with S to form PdS, which weakened the alloy and limited the duration of experiments to approximately 6 h. We determined, however, that sulfate-saturated experiments reached equilibrium after only 2 h. Therefore, we used this capsule material in some of the sulfate-reduction experiments and all the sulfate-saturated experiments. Au-Pd capsules were used only at temperatures below 1325 C to provide a safety margin in temperature between the run conditions and the melting point of the alloy.
Experimental methods
For all the experiments, an end-loaded, solid-media, piston-cylinder apparatus (Boyd & England, 1960;  Because of the constraints imposed by the Au-Pd capsules on the duration of the experiments, several paired experiments were run to test for equilibrium. Excess space in the sample volume (after loading the capsules) was filled in most experiments with crushed alumina powder. The use of crushed alumina as filler worked well in experiments using Pt capsules but Au-Pd capsules are more brittle, and broke easily when removed from the assembly at the end of the runs. Crushed Pyrex was tried as filler, but was rejected because Au-Pd capsules cracked upon quenching and molten Pyrex entered and mixed with the run products. The best results were obtained using sintered hematite as filler. The use of hematite as filler reduced significantly the cracking and fracturing of the Au-Pd capsules on quenching, probably because it did not attach as much as alumina to the capsules. A Bourdon-tube Heise gauge with p.s.i. graduations (0-10 000 p.s.i., $0-68Á9 MPa), with 10 p.s.i. (0Á0689 MPa) graduations, was used to monitor line pressure. Run pressures were kept within AE0Á14 MPa of the desired pressure in all experiments. No friction correction was applied to the nominal pressure because pressure calibration of the assemblies, based on the grossular þ quartz ¼ anorthite þ 2 wollastonite equilibria (Windom & Boettcher, 1976) , showed that the friction correction is a function of temperature and is negligible above 1275 C. Type-C thermocouples constructed from batchcalibrated W 5 Re 95 and W 26 Re 74 wires (Omega Corp.) were used to measure run temperatures. At 1300 C, temperature uncertainties associated with variations in current are $1 C. Larger uncertainties are produced by thermal gradients along the capsule volume, which are $10 C for tapered graphite furnaces like those used in these experiments (Kushiro, 1976) . The standard limits of error for type-C thermocouples at 1573 K (1300 C) are about 14 C (Dunn, 1993) . Thus, the added uncertainties in temperature are about 25 C (2%). No correction was attempted for the effects of pressure or pressure gradients on the electromotive force of the thermocouples.
Analytical techniques
Elemental concentrations in all phases were determined by EMPA using wavelength-dispersive spectrometry (WDS) on a JEOL JXA-8900 electron microprobe.
Typical operating conditions were 15 kV accelerating voltage and 15 nA probe current. Natural glasses and minerals ( Jarosewich et al., 1980) were used as standards. Matrix effects were corrected using the ZAF method. Both barite and sphalerite were used as standards for S analyses. No significant difference was detected in the use of sphalerite or barite as standards for S concentrations in the sulfide-saturated glasses, but only barite was used as a standard for sulfate-bearing runs. Glasses were mostly analyzed with beams of 10 mm diameter, although 5 mm diameter beams were used in a few runs that contained only small melt pockets. Spinel occurred as very small crystals, with cross-sections rarely larger than 3 mm, making them difficult to analyze. They were analyzed with a focused beam ( $1 mm diameter) and with the inclusion of Si in the measurements as a monitor for the presence of silicates within the activation volume. Spinel crystals larger than 3 mm diameter contained <1 wt % SiO 2 ; hence, only analyses with <1 wt % SiO 2 were considered to be acceptable for spinel.
Control and estimation of oxidation state
Oxidation state in the experiments was constrained using combinations of starting and capsule materials. Control of oxidation state using external oxygen buffers was not possible because external buffers require the presence of a hydrous fluid phase in the charge, and water-saturated experiments in this system quench to a felt-like mixture of amphibole crystals, which means that melt compositions cannot be inferred. To impose reducing conditions, graphite-lined capsules (or small amounts of powdered graphite added to the starting materials) were used in combination with sulfide-and sulfate-bearing starting materials to produce sulfide-saturated assemblages. Conversely, oxidized starting materials (containing glasses fused in air, and sulfates) were enclosed in Au-Pd capsules to produce sulfate-saturated assemblages. Because the experiments were anhydrous and hematite was used as filler, little hydrogen diffused into the capsule from the assembly, and the oxidation state of the charges was dictated by the combination of starting materials used. Using this approach, we were able to produce runs equilibrated at f O 2 above the nickel-bunsenite buffer (NNO, $DFMQ þ 0Á7) and below the manganositehausmannite buffer (MNH, $DFMQ þ 4). However, we could not predetermine the oxidation state of the runs, nor obtain sulfate-saturated runs equilibrated below DFMQ ¼ þ1Á85.
The oxidation state of the experiments was estimated using the calibration of Ballhaus et al. (1990 Ballhaus et al. ( , 1991 for the olivine-orthopyroxene-spinel (ol-opx-spl) oxybarometer. This empirical calibration was used because Ballhaus et al. (1990) showed that it is more accurate over a wider range of oxidation states than other available calibrations, and also because it does not require the chemical composition of the orthopyroxene as an input parameter [Ballhaus et al. (1991) estimated that the correction required for orthopyroxene-undersaturated ultramafic rocks would rarely exceed 0Á2 log f O 2 units]. Olivine and spinel compositions were determined by EMPA, and the Fe 3þ content of spinel was calculated assuming stoichiometry. Although estimations of oxidation states from EMPA of spinel have been regarded as inaccurate because of the errors associated with estimation of ferric iron (e.g. Wood & Virgo, 1989; Canil et al., 1990) , Ballhaus et al. (1991) showed that the uncertainties in Fe 3þ decrease with increasing f O 2 because of the increase in the magnetite component in spinel. Parkinson & Arculus (1999) showed that errors in f O 2 attributable to Fe 3þ in spinel calculated from stoichiometry are significant (larger than $0Á5 log units) for Fe 3þ /AEFe 0Á2 (corresponding to oxidation states <DFMQ ¼ À1), whereas for Fe 3þ /AEFe ! 0Á2, the uncertainties associated with the stoichiometric estimation of Fe 3þ become smaller, and are insignificant (<0Á2 log units) above Fe 3þ / AEFe ! 0Á4 (approximately DFMQ ¼ þ1).
To provide an independent check on the accuracy of EMPA of spinel for the estimations of oxidation state, we routinely analyzed two spinel samples (KR-35 and KR-37) for which Fe 3þ /AEFe had previously been measured by M€ o ossbauer spectroscopy (Canil et al., 1990) . The calculated f O 2 values from EMPA of both olivine and spinel using the oxybarometer calibration of Ballhaus et al. (1990 Ballhaus et al. ( , 1991 are DFMQ ¼ À0Á35 AE 0Á26 for KR-35 (from measurements compiled during four EMPA sessions) and DFMQ ¼ À1Á07 AE 0Á25 for KR-37 (from five sessions). The same calculations using the M€ o ossbauer data for these two spinel samples (Canil et al., 1990) yield DFMQ ¼ À0Á31 for KR-35 and DFMQ ¼ À0Á86 for KR-37. Our results agree within error of these values, and thus justify the use of EMPA data for the calculations of both the Fe 3þ content in spinel and the oxidation state of our experiments. The small discrepancies between our results and those documented by Canil et al. (1990) are more dependent on the choice of calibration of the oxybarometer (e.g. O'Neill & Wall, 1987; Mattioli & Wood, 1988; Ballhaus et al., 1990 ) than on the uncertainties associated with spinel analyses.
Estimation of equilibrium
Time invariance of the concentration of S in the quenched glasses was used as the criterion for equilibrium in sulfide-saturated experiments using graphite-lined Pt capsules. Experiments with duration ranging between 1 and 48 h had identical S concentrations, indicating that equilibrium was attained quickly (t 1 h). Time invariance could not be used as a test for equilibrium in oxidized experiments because of the limitations imposed by the reaction of S with Pd in Au-Pd capsules as mentioned above. Equilibrium in these experiments was monitored by comparing run products obtained from mixtures of 'low-Ca glass' þ CaSO 4 with run products obtained from mixtures of 'low-Fe glass' þ FeSO 4 as starting materials. Agreement in the composition of the quenched glasses and their S content is consistent with equilibrium being achieved in these runs.
RESULTS
The results of 22 successful experiments are included in this paper. Eight sulfide-saturated runs allow comparison with available data on the S content in sulfide-saturated basaltic melts (e.g. Haughton et al., 1974; Poulson & Ohmoto, 1990) . Nine sulfate-saturated runs provide the first experimental data on the S content in sulfatesaturated basaltic melts. Five sulfide-saturated ('sulfatereduction') runs complement the other experiments and helped verify equilibration of the runs. Table 3 summarizes the run conditions and the products obtained in each experiment.
Phase compositions in run products Glasses
The glasses generated in these experiments were picrobasaltic to basaltic in composition (Table 4 ). All of the glasses were very similar in composition, although glasses from oxidized experiments were slightly, but consistently, more mafic (MgO ¼ 13Á7 AE 1Á4, n ¼ 9) than those from sulfide-saturated runs (MgO ¼ 11Á8 AE 0Á6, n ¼ 13). The S concentration in sulfate-saturated glasses (S ¼ 1Á5 AE 0Á2 wt %, n ¼ 9) was $10 times higher than in sulfidesaturated glasses (S ¼ 0Á14 AE 0Á02 wt %, n ¼ 13).
Sulfides
Sulfide phases had rounded shapes in polished section, which is consistent with their presence as immiscible liquids at the run conditions. They were pyrrhotitic in composition with S ¼ 36Á9 AE 0Á9 wt %, and Fe ¼ 60Á2 AE 1Á2 wt % (n ¼ 12).
Sulfates
Sulfates also quenched to rounded blebs (Fig. 1) , which is regarded as evidence that sulfate was present as an immiscible liquid in the oxidized runs. Polishing of sulfate-saturated samples using water to remove abrading material between polishing steps resulted in intense dissolution of the sulfates. Sulfate blebs were best preserved if samples were polished using only oil and cleaned with methanol. However, even in these cases, irregular, uneven, and plucked surfaces resulted because of the low hardness of the sulfates relative to the surrounding glass. For this reason, quantitative analysis of the sulfates using WDS was not possible. The wavelength of the S Ka radiation (Carroll & Rutherford, 1988) for the blebs agreed with the wavelength of the S Ka for the barite standard, confirming that the blebs were sulfates. Qualitative energy dispersive analyses (EDS) showed that the sulfates were invariably Ca-and S-rich with small amounts of Na and Mg, even in experiments in which S was added as FeSO 4 . This latter point is taken as further supporting evidence of equilibrium between the sulfates and the melt.
Olivine
Olivine typically formed relatively large (up to 100 mm length), euhedral to subhedral crystals. Individual crystals were compositionally homogeneous, with Fo content ranging from 0Á90 to 0Á95 (Table 5) . To verify that olivine equilibrated with the melt, the partitioning of magnesium and ferrous iron between olivine and melt (K D , Roeder & Emslie, 1970) was calculated. Ferrous iron content in the glasses was first calculated by subtracting the ferric iron content [estimated using the method of Kilinc et al. (1983) ] from the total iron measured as FeO by EMPA. The average K D was 0Á32 AE 0Á4 for reduced experiments, and 0Á31 AE 0Á01 for oxidized runs (for which 0Á26 Fe 3þ /AEFe 0Á49). These values are consistent with the expected K D (K D % 0Á33 at 1 GPa; Ulmer, 1989) and show that olivine was in equilibrium with the silicate melt.
Spinel
Spinel was present as very small (from <1 mm and rarely up to 5 mm) equant crystals with trapezoidal sections, which were included in olivine or isolated within quenched glasses. Their compositions are shown in Table 6 .
Pyroxenes
Orthopyroxene and clinopyroxene were present in some experiments (Table 3) . Both pyroxenes ranged in size from a few micrometers to 15 mm diameter. Orthopyroxene crystals were usually equant, whereas the habit of clinopyroxene ranged from equant to slightly prismatic. Clinopyroxene with cores of orthopyroxene was observed in some cases. Although the compositions of these phases are not considered further in this paper, Tables 7 and 8 list compositions of clinopyroxene and orthopyroxene analyzed from the experiments.
S concentration as a function of oxidation state Figure 2 shows measured S concentrations plotted against estimated oxidation states in the experiments. Olivine was absent in the run products from the first set of sulfide-saturated experiments, which meant that the oxidation state could not be estimated using olivineorthopyroxene-spinel equilibria. However, because these experiments used graphite-lined capsules, their f O 2 was constrained to lie below the C-CO buffer ( $DFMQ < À1 at the P and T of the experiments). The rectangular box in Fig. 2 corresponds to the range in S concentration (width is AE1s standard deviation) and the approximate f O 2 range of these runs.
The lowest f O 2 in sulfate-saturated experiments was measured in run 34 (DFMQ ¼ þ1Á85), which contained a small amount of graphite in the starting material but not enough to cause complete reduction of sulfate and saturation in sulfide (as in runs 54A and 54B). The highest f O 2 in sulfide-saturated experiments was measured in run 27 (DFMQ ¼ À1Á12). A drastic change in the S content occurs between the f O 2 conditions of these two experiments (roughly in the range À1 < DFMQ < þ2). However, despite repeated attempts, we could not obtain results at intermediate f O 2 (ideally from quenched glasses saturated and equilibrated simultaneously with both sulfide and sulfate liquids).
DISCUSSION
To the best of our knowledge, the data shown here are the first experimental data for the S content of basaltic melts saturated with a sulfate phase. The most significant result from these experiments is the 10-fold increase in S content between sulfide-and sulfate-saturated basaltic melts at 1300 C and 1 GPa. Experimental data on the S content of intermediate to felsic melts (ranging from trachyandesites to dacites) saturated in anhydrite were documented by Carroll & Rutherford (1985 and Luhr (1990) . Although their experiments were conducted at lower pressures and temperatures [up to 290 MPa and 1025 C in Carroll & Rutherford (1987) ; up to 400 MPa and 1000 C in Luhr (1990) ] the results showed that the S contents in sulfate-saturated melts were significantly higher than the S content in sulfide-saturated melts. Luhr (1990) extrapolated the increase in the S content at sulfate saturation with rising temperature in his experiments and concluded that 'relatively oxidized (>NNO), vapor-undersaturated basaltic melts at Benioff zone conditions (T ¼ 1200 C and P ¼ 30 kbar) could contain 1Á5 wt % SO 3 and perhaps as much as 2Á5 wt % SO 3 ' (Luhr, 1990 (Luhr, , p. 1109 . Our results exceed this prediction, showing that at 1300 C and 1 GPa (10 kbar) a basaltic magma can dissolve 1Á5 AE 0Á2 wt % S (3Á75 AE 0Á5 wt % SO 3 ).
Sulfur solubility and the 'sulfur solubility minimum'
A relevant aspect regarding the behavior of S in silicate melts is how the S content changes within the stability fields of sulfide and sulfates. This is relevant because results from experiments equilibrated with gas mixtures show a minimum in the S concentrations in the glasses at about DFMQ ¼ þ1 (e.g. Fincham & Richardson, 1954; Nagashima & Katsura, 1973; Katsura & Nagashima, 1974) . This minimum has been regarded in some cases as a 'sulfur solubility minimum' (e.g. Kress, 1997) . Those experiments, however, were not saturated with either sulfide or sulfate (as condensed phases). Therefore, the S concentrations they define do not provide direct information about the S concentrations required to saturate a silicate melt in either sulfides or sulfates (crystalline or liquid). Nonetheless, those results (and the minimum in sulfur content) have applications to the behavior of sulfur in magmas containing a volatile phase after condensed S-bearing phases are eliminated. In the strict sense, 'solubility' (e.g. for FeS) refers to the maximum amount of a phase (FeS) that a solvent phase (e.g. a silicate melt) can dissolve at a given P and T. The term 'solubility' is phase specific and therefore, for any given P, T and melt composition, the solubility of FeS is different from the solubility of CaSO 4 , or any other S-bearing phase (as shown in this work). Thus, in a very strict sense, 'sulfur solubility' would apply only to melts saturated with elemental S, which is seldom the case. The term 'solubility' is loosely used to refer to the sulfur content in melts saturated with a S-bearing phase; but because the nature of the saturating phase is critical, the saturating phase needs to be specified clearly and direct extrapolations of the results from one phase to the behavior of other S-bearing phases are not valid.
Experiments equilibrated with gas mixtures have the additional complication that the gases contain several species (e.g. S 2 , H 2 S, COS, SO 2 , SO 3 ). According to Henry's law, the concentration of these species in the melt is proportional to their fugacities in the gas mixture. Thus, the total sulfur concentration in the melt is the contribution of the S concentrations imposed by each gas species. Carroll & Webster (1994) showed that for f O 2 above DFMQ ¼ À1: (1) sulfur is dominantly present as SO 2 ; (2) the fugacities of reduced species (S 2 , H 2 S, COS) decrease; (3) f SO 3 increases. Consequently, the variations in the S content for gas-equilibrated experiments reflect mostly: (1) low SO 2 solubility in the melts relative to the other S species; (2) the relative changes in the fugacities of these other S species.
When a silicate melt is simultaneously in equilibrium with a S-bearing condensed phase (e.g. FeS, CaSO 4 ) and a S-bearing gas phase, the total S content in the melt results from their contribution. Thus, as long as sulfides (or sulfates) are present, the S content in the melt will not 500µm 50µm 150µm Total 99 . 2 100 . 5 100 . 8 100 . 2 9 9 . 5 9 9 . 0 9 9 . 5 9 9 . 5 100 . 3 9 9 . 5 1 0 0 . Total 99 . 4 9 9 . 9 100 . 0 100 . 2 9 8 . 9 9 9 . 1 9 9 . 7 9 8 . 9 9 8 . 8 1 0 0 . 0 9 9 . 2 9 9 . 0 9 9 . show the changes shown in gas-equilibrated experiments and no 'sulfur solubility minimum' would exist. This can be seen in Fig. 3 , which compares the sulfur content at sulfide and sulfate saturation of trachyandesitic melts (Carroll & Rutherford, 1985 and basaltic melts (this work). The data for sulfide-saturated experiments from Carroll & Rutherford (1985 clearly show that S concentration in trachyandesitic melts at sulfide saturation remain constant at about 0Á350 wt %, independent of changes in f O 2 . This was also demonstrated by O'Neill & Mavrogenes (2002) , who showed that the sulfur concentration at sulfide saturation was independent of f O 2 .
Transition from sulfide to sulfate stability
The relevance to magmatic processes of the increase in the S content in basaltic melts from sulfide saturation to sulfate saturation depends on the f O 2 at which sulfides oxidize to sulfates. For any given composition, this would be constrained by the lowest f O 2 at which sulfates are stable and the highest f O 2 at which sulfides are stable.
The results of our experiments show that sulfates were stable at f O 2 as low as DFMQ ¼ þ1Á85, but the highest f O 2 at which sulfides are stable is probably higher than that shown by our data (DFMQ ¼ À1Á12), which is rather an indication of the f O 2 imposed by the presence of graphite. Extrapolation of the sulfide-sulfate boundary from other experimental work was not attempted because the effect of composition is significant. Stormer & Carmichael (1971) showed that silica undersaturation favors sulfide oxidation at a given f O 2 because in reactions such as 
As in equation (1), a decrease in the activity of silica at a fixed f O 2 promotes S dissolution in the silicate melt as SO 3 (which eventually could result in the precipitation of Oxidation state, ∆FMQ Sulfide-saturated runs(first set) Fig. 2 . S concentration in run-product glasses plotted as a function of oxidation state, from sulfide-and sulfate-saturated assemblages. S concentrations measured by EMPA. Oxidation states, relative to the FMQ buffer, were calculated from olivine and spinel compositions using the oxybarometer calibration of Ballhaus et al. (1990 Ballhaus et al. ( , 1991 . Error bars are 1s standard deviation for S concentrations and the uncertainties associated with the oxybarometer calibration used (AE0Á4 above FMQ and approximately AE1Á2 near DFMQ ¼ À3; Ballhaus et al., 1991) . The width of the rectangular box in the lower left corner indicates the range in S concentration for the first set of experiments. For those experiments, the oxidation state was not estimated but the presence of graphite indicates that they equilibrated at f O 2 below DFMQ ¼ À1. This work Rutherford (1985, 1987) C and 1 GPa; this work) and in trachyandesites (at 200 MPa and for 927 < T < 1027 C; Carroll & Rutherford, 1985 . The data from Carroll & Rutherford (1985 include only glasses with FeO < 17 wt % to show only the effect of changes in f O 2 . The arrow indicates the expected shift in the stability of sulfate phases with decreasing silica activity, based on data from Sisson (2003) .
sulfate-bearing phases) at the expense of the troilite component in the sulfides. Carroll & Rutherford (1987) used a similar reaction,
to analyze qualitatively the compositional effects on sulfide-sulfate equilibria. They calculated an f O 2 of DNNO ¼ þ1 (DFMQ ¼ þ1Á7) for reaction (3) by fixing the activities of all condensed phases to unity. Using this equilibrium they concluded that a decrease in silica activity would make sulfates stable at lower f O 2 whereas a decrease in the activity of wollastonite would have the opposite effect. In more complex systems, the activities of components in condensed phases will be different from unity and, therefore, f O 2 for the transition from sulfide to sulfate will differ from those defined by reaction (1), (2) or (3) using pure components. Systematic experimental studies are needed to properly constrain the transition from sulfide to sulfate as a function of f O 2 , P, T, and melt composition. Estimates of the effect of composition can be made, for example, using experimental data from Carroll & Rutherford (1987) and Scaillet et al. (1998) , in which trachyandesites and dacites (respectively) were used as starting materials. Experiments 142a and 141a of Carroll & Rutherford (1987) showed that, at 204 MPa and 927 C, anhydrite was stable at f O 2 as low as DFMQ ¼ þ1Á39 and pyrrhotite was stable at f O 2 as high as DFMQ ¼ þ0Á89 (Fig. 3) . Experiment 42b of Scaillet et al. (1998) showed that anhydrite was present at f O 2 as low as DFMQ ¼ þ1Á9 under similar P-T conditions (225 MPa and 899 C). Thus, it appears that the change in composition from dacite to trachyandesite lowers the f O 2 needed to stabilize anhydrite by about 0Á5 log f O 2 units.
We speculate that for basaltic melts the change from sulfide to sulfate stability occurs at f O 2 of about DFMQ ¼ þ1Á8 (based on our results) and that decrease in silica activity could push this to f O 2 as low as DFMQ ¼ þ1 as shown by Sisson (2003) for basanites from Hawaii (Fig. 3) .
Implications for magmatic processes
The marked increase in the S content with increasing oxidation state has significant implications for the behavior of S during partial melting of the mantle and during magmatic evolution. Because highly siderophile elements (Rh, Ru, Pd, Re, Os, Ir, Pt, and Au) are dominantly hosted in sulfide phases (Mitchell & Keays, 1981) , generation of silicate melts enriched in precious metals is favored by elimination of sulfides. Sulfide dissolution, either by large degrees of melting (e.g. Keays, 1995) or by two stages of melting (e.g. Wyborn & Sun, 1994) , is the most commonly proposed mechanism for sulfide elimination.
The importance of oxidation as an alternative mechanism for sulfide elimination in primitive magmas has been discussed qualitatively (e.g. Richards et al., 1991; Sillitoe, 1997; Mungall, 2002) . Sulfide elimination by oxidation of the mantle source is consistent with hypotheses that link Au-rich and high Au/Cu magmatichydrothermal ore deposits with oxidized magmas (e.g. Richards, 1995; Sillitoe, 1997) . Parkinson & Arculus (1999) estimated that the f O 2 of arc magmas at their source ranged from DFMQ ¼ þ0Á5 to DFMQ ¼ þ1Á7, and Blatter & Carmichael (1998) showed that f O 2 in the subarc upper mantle can reach DFMQ ¼ þ2Á4. Thus, it can be inferred that in the most oxidized arc sources sulfide phases would not be stable. Under such conditions chalcophile and siderophile element behavior will be controlled by alloy-melt or oxide-melt equilibria, and some elements would probably be incompatible. Evidence from lherzolites and harzburgites from orogenic massifs indicates that 'except for Pd and Au, the PGE reside in mantle sulfides as melting-resistant atomic clusters or micro alloys' (Lorand et al., 1999, p. 957) . Capobianco et al. (1994) showed that, in the absence of sulfides, Pd behaves as an incompatible element whereas Ru and Rh are compatible in oxide phases. Thus, magma generation in oxidized sources in which sulfides are not stable would fractionate Au and Pd from other siderophile elements. A low activity of silica in the melt (e.g. produced by low degrees of partial melting and relatively high alkali contents) would allow for sulfide elimination at lower oxidation states, which is consistent with the association of Au-rich deposits with oxidized alkalic magmas (e.g. Richards, 1995) . An example of this was shown by Sisson (2003) , who found a native gold grain in basanites from Hawaii. The f O 2 estimated in these basanites is DFMQ ¼ þ0Á9, but this was sufficient to resorb magmatic sulfides and liberate gold hosted in them. In fact, Sisson (2003) found that the proportion of sulfate in the basanites increased with decreasing silica, rather than with increasing f O 2 .
Even if magmas are generated within the stability field of sulfides, many magmas become oxidized enough during ascent and evolution to preclude, or reverse, sulfide saturation. For example, Metrich et al. (1999) and de Hoog et al. (2001) documented S concentrations in basaltic glasses from subduction zones approaching 3000 ppm, and Wallace (2002) measured up to 6000 ppm S in olivine-hosted melt inclusions from cinder cones associated with Popocatepetl (Mexico). These S contents greatly exceed the S concentration predicted in sulfide-saturated basaltic melts but are within the range of S concentrations expected for oxidized systems as shown in this work. Ballhaus (1993) showed that the f O 2 of island-arc magmas ranged from DFMQ ¼ þ1 to FMQ ¼ þ3 and that back-arc basalts and island-arc basalts can reach DFMQ ¼ þ2. Thus, at oxidation states above those at which sulfide phases are stable, S in the form of dissolved sulfate will behave as an incompatible element and its concentration in the melt will increase with crystallization and fractionation until: (1) sufficiently high concentrations are reached to precipitate anhydrite; (2) another sulfate-bearing phase (e.g. nosean, ha€ u uyne, apatite) saturates; or (3) a vapor phase (S-rich) exsolves.
The significant increase in S content of the melt between sulfide and sulfate saturation may also help explain high-S degassing in some volcanoes. Estimates (de Hoog et al., 2003) of the f O 2 of basalts associated with the Pinatubo eruption (based on Cr-spinelbearing olivine) yield DNNO ¼ þ1Á4 (roughly DFMQ ¼ þ2Á1) and are almost identical to those of the dacitic magma erupted (roughly DFMQ ¼ þ2Á3). These estimates indicate that the basaltic melt and the dacitic magma had similar high oxidation states. At such high oxidation states, no sulfide phases would be present and all available S should be dissolved in the melt (dominantly as sulfate species) or present as a sulfate phase (e.g. anhydrite). Because the S content at sulfate saturation decreases sharply with falling temperature and decreasing pressure (Carroll & Rutherford, 1987; Luhr, 1990) decompression and cooling of oxidized, S-rich basaltic melts as they ascend and mix with overlying hydrous dacitic magma to produce a hybrid andesite should result in saturation of anhydrite. However, sulfate partitions preferentially into a hydrous phase and water exsolution would strip the melt of most of its S (as SO 2 ; Keppler, 1999) . Because of the large amounts of S that can be dissolved in oxidized basaltic melts, relatively small amounts of basalt could provide large quantities of S to exsolved volatile phases.
CONCLUSIONS
The results of this work show that changes in f O 2 have a significant impact on the behavior of S in basaltic systems, producing a 10-fold increase in the S content of basaltic magmas at high f O 2 . Thus, modeling of physico-chemical processes in which S-bearing phases are important (e.g. sulfide saturation and elimination, melt enrichment in precious metals, S-rich explosive volcanism) needs to consider both the range in f O 2 in which sulfide oxidizes to sulfate and the increase in the S content related to this change.
